The Nucleus of the Solitary Tract (NTS) receives gustatory and visceral information from afferent fibers in the vagus and projects to the Nucleus Paragigantocellularis (PGi), among several other brain region. PGi sends excitatory fibers, mostly glutamatergic, to the Locus Coeruleus (LC). In turn, LC sends noradrenergic projections to many areas of the brain, including hippocampus (HIPP) and amygdala. Here we show that the NTS-PGi-LC-HIPP pathway is required for the memory consolidation of object recognition (OR). The inhibition of NTS, PGi or LC by microinfusion of the GABA A receptor agonist, muscimol, into each of these structures up to 3 h after object recognition memory training impairs its consolidation as assessed in a retention test 24 h later. The posttraining microinfusion of the b-blocker, timolol into CA1 mimics this effect. Intra-CA1 NA microinfusion does not alter retention per se, but reverses the disruptive effect of muscimol given into NTS, PGi or LC. This effect of NA is shared by a microinfusion of NMDA into LC. These results support the idea that the NTS-PGi-LC-CA1 pathway contributes to memory consolidation through a b-noradrenergic mechanism in CA1.
Introduction
The Nucleus of the Solitary Tract (NTS) receives interoceptive information from the afferent vagus (Browning & Travagli, 2010; Izquierdo, Insua, Biscardi, & Izquierdo, 1959) and projects excitatory fibers to the Nucleus Paragigantocellularis (PGi), among other brain areas (Ennis & Aston-Jones, 1988; Reyes & Van Bockstaele, 2006) . The PGi, in turn, has a strong glutamatergic connection to the Locus Coeruleus (LC), the main noradrenergic station of the brain. The activity of NTS and PGi regulates gastric and other visceral functions, blood pressure (Browning & Travagli, 2010) , and memory processes (Clayton, & Williams, 2000a , 2000b , 2000c Williams & McGaugh, 1992; see Clark et al., 1998) ; the latter mainly through the noradrenergic projections of the LC to the hippocampus and the central, lateral and basolateral amygdala (Sara, 2009) . Actually, the memory enhancing effect of afferent vagus stimulation may result from an increase in cortical and hippocampal noradrenaline (NA) (Roosevelt, Smith, Clough, Jensen, & Browning, 2006) . The noradrenergic system of LC facilitates attention, cognition and adaptation of behavior to changes of the environment (Bouret & Sara, 2004 Devauges & Sara, 1990; Sara & Segal, 1991) , as well as behavioral responses resulting from decisive processes in specific tasks (Aston-Jones & Cohen, 2005) . NA interacts with other neurotransmitters, neuromodulators and stress hormones in hippocampus and amygdala and to promote long term memory formation (Roozendaal, Castello, Vedana, Barsegyan, & McGaugh, 2008) . Thus, noradrenergic synapses affect cognitive processes and integrate cerebral regions involved in these processes (Sara, 2009) .
NTS, PGi, LC and, of course the hippocampus and amygdala, participate in, and are essential for, consolidation of aversive memory. The influence of vagal afferents, the NTS and the PGi on memory has been very well studied over the years by Williams, Jensen, and their collaborators. Clayton and Williams (2000a) demonstrated that the noradrenergic activation of NTS potentiates the release of NA at the amygdala, improving memory retention in the inhibitory avoidance task. García-Medina and Miranda (2012) found that chemical stimulation of the NTS releases NA in lateral and basolateral amygdala. Roozendaal, Williams, and McGaugh (1999) showed that the activation of glucocorticoid receptors in NTS facilitates memory consolidation of inhibitory avoidance learning. Williams, Men, and Clayton (2000) found that activation of NTS projections enhances NA release and memory consolidation of inhibitory avoidance concomitantly.
Considering that the object recognition (OR) task involves the presentation of novelty to the animal, and that the detection of and reaction to novelty are major functions of the hippocampus (Acquas, Wilson, & Fibiger, 1996; Almaguer-Melián, et al., 2012; Giovannini et al., 2001; Martyn et al., 2012; Netto et al., 1985) , we hypothesized that this type of memory may also require the participation of the pathways to which the putative NTS-PGi-LC-HIP pathway connect. Indeed, evidence of various sorts indicates a decisive participation of the hippocampus in the consolidation of this task (Clarke, Cammarota, Gruart, Izquierdo, & DelgadoGarcía, 2010; Myskiw et al., 2008 ). Here we demonstrate that hypothesis, and show, further, that the connection of the medullary nuclei to the amygdala are not involved in this function.
Material and methods
Male Wistar rats (3-month-old, 350-380 g) purchased from FEPPS (Fundação Estadual de Produção e Pesquisa em Saúde do Rio Grande do Sul, Porto Alegre, Brazil) were used. The animals were housed 5 to a cage and maintained with free access to food and water under a 12 h light-dark cycle, with lights on at 8:00 AM. The temperature of the animal's room was kept at 22-24°C.
To study the participation of different structures of the NTSPGi-LC-CA1/AMY pathway in OR memory consolidation, rats were implanted with chronic guide cannulae in each of these regions and then submitted to an OR task (described below), divided into two groups: controls, which received 0.25 or 0.5 ll of vehicle in each of those regions, and treated, which received a drug infusion in a specific region at different times after training. Retention tests were conducted 24 h after training. The drugs used and regions where they were injected are schematized in Fig. 1. 
Surgery and drug infusion procedures
In order to implant the rats with indwelling cannulas, they were deeply anesthetized with thiopental (i.p., 30-50 mg/kg) and 27-gauge cannulas were placed, stereotaxically aimed at the NTS (A -13.3, L ± 1.0, V -7.9 mm), PGi (A -12.8, L ± 1.6, V -12 mm), LC (A -9.7, L ± 1.3, V -7.1 mm), basolateral amygdala (A -2.4, L ± 5.1, V -8.1 mm), central amygdala (A -2.4, L ± 4.2, V -8.3 mm) or/and CA1 region of the dorsal hippocampus (A -4.2, L ± 3.0, V -2.0 mm) (coordinates according to Paxinos & Watson, 1986) . The cannulae were affixed with dental cement. Animals were allowed to recover from surgery for 4 days before submitting them to any other procedure.
Some of the animals received bilateral cannulae implants into the NTS, PGi or LC AND the CA1 region of the dorsal hippocampus; that is, they carried 4 brain cannulae each. The results obtained in these animals are shown in Fig. 7 and in Fig. 8 . In all cases, as seen before with animals implanted with more than 2 cannulae each , their overall general behavior and their performance in the behavioral tests was in all cases similar to that of animals implanted with 2 cannulas only.
At the time of drug delivery, 30-gauge infusion cannulas were tightly fitted into the guides. Infusions (0.25 ll/side in LC, 0.5 ll/ side in NTS, PGi and central and basolateral amygdala, and 1.0 ll/side in CA1 region of hippocampus) were carried out over 60 s with an infusion pump, and the cannulas were left in place for 60 additional seconds to minimize backflow. The placement of cannulas was verified postmortem: 2-4 h after the last behavioral test, a 4% methylene-blue solution was infused in the same volume used in each of the mentioned places as described earlier, and the extension of the dye 30 min thereafter was taken as an indication of the presumable diffusion of the vehicle or drug previously given to each animal. Only data from animals with correct implants were analyzed. All procedures were conduct in accordance with the ''Principles of laboratory animal care'' (NIH publication N. 85-23, revised 1996) . Both the surgical procedures and the investigation of cannula placements were as in previous papers from this laboratory (see Fiorenza, Rosa, Izquierdo, & Myskiw, 2012; Furini et al., 2010; Myskiw et al., 2008) . The doses chosen for each compound and the injection volume were according to the vast literature on the effect of microinjections of these compounds into brain tissue (see Izquierdo et al., 2006; McGaugh & Izquierdo, 2000 for references).
Object recognition task
Training and testing in the object recognition task (OR) was carried out in an open-field arena (50 Â 50 Â 50 cm) built of polyvinyl Fig. 1 . The NTS-PGi-LC-CA1/AMY pathway, the drugs used and the regions where they were injected. To study the participation of NTS, PGi and LC in object recognition memory consolidation we injected muscimol (MUS) in these regions at different times after OR training. To study the need for noradrenergic activation of CA1 in hippocampus, basolateral and central amygdale (AMY) we inject timolol (TIM) in these regions immediately after training in OR. To stimulate the LC we injected NMDA in this region immediately after training in OR task, alone or after inhibition of a upstream structure of the pathway. To stimulate the CA1 region of dorsal hippocampus we injected noradrenaline (NA) in this region immediately after training in OR task, alone or after inhibition of a upstream structure of the pathway. 24 h after the training, animals were tested in OR task. chloride plastic, plywood and transparent acrylic as described (Ennauceur & Delacour, 1988; Myskiw et al., 2008) . The first procedure consisted in habituation of the animals to the training box. Each animal was placed in the apparatus for 20 min of free exploration per day during 4 consecutive days before the training. On the training day, two different objects (A and B) were placed in the apparatus; animals were allowed to explore them freely for 5 min. The objects were made of metal, glass, or glazed ceramic. Exploration was defined as sniffing or touching the objects with the nose and/or forepaws. Sitting on or turning around the objects was not considered exploratory behavior. A video camera was positioned over the arena, and the rats' behavior was recorded using a video tracking and analysis system for later evaluation. The experiments were performed by an observer blind to the treatment condition of the animals. 24 h later, one of the objects was randomly exchanged for a novel object (C) and rats were reintroduced into the apparatus for an additional 5 min period. To avoid confounds by lingering olfactory stimuli and preferences, the object and the arena were cleaned after testing each animal with 70% ethanol.
The drugs were bilaterally infused at different times after the training session. Data were analyzed using one sample t tests.
Open field, plus maze and inhibitory avoidance test 24 h after the treatments were infused into NTS, PGi or LC
In order to analyze animals' exploratory and locomotor activities 24 h after the infusion of different drugs rats were placed on the left quadrant of a 50 Â 50 Â 39 cm open field made with wooden pained white, with a frontal glass wall. Black lines were drawn on the floor to divide it into 12 equal quadrants. Crossings and rearings, with measure locomotor and exploration, respectively, were measured over 5 min (Mello, Benetti, Cammarota, & Izquierdo, 2009) .
In order to evaluate the animals' anxiety state, 24 h after the infusion of different drugs rats were exposed to an elevated plus maze as detailed in Pellow, Chopin, File, and Briley (1985) . The total number of entries into the four arms, the number of entries and the time spent into the open arms were recorded over a 5 min session.
Considering the evidence that NTS, PGi, LC, and the CA1 region of dorsal hippocampus and amygdala participate in the memory consolidation of inhibitory avoidance (Clayton & Williams, 2000a , 2000b , 2000c Izquierdo & Medina, 1997; Izquierdo et al., 2006; Kerfoot, Chattillion, & Williams, 2008; Khakpour-Taleghari et al., 2008; Roozendaal et al., 1999) , the availability of these structures for inhibitory avoidance learning 24 h after the treatments given into NTS, PGi, LC and IA was evaluated by training rats in this task 24 h after those treatments and testing them 1 day later. The training apparatus was a 50 Â 25 Â 25 cm plexiglass box with a 5 cm-high, 8 cm-wide, and 25 cm-long platform on the left end of a series of bronze bars which made up the floor of the box. For training, animals were gently placed on the platform facing the left rear corner of the training box. When they stepped down and placed their four paws on the grid, they received a 2 s, 0.5 mA scrambled footshock. Memory retention was evaluated in a Fig. 2 . Inhibition of NTS with muscimol 0 min and 3 h, but not 6 h after training impairs retention of object recognition long-term memory. 1A: On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately, 3 h or 6 h after that received bilateral infusions (0.5 ll/side) of vehicle (VEH; saline) or muscimol (MUS; 0.01 lg/ll) in NTS. On test session (day 2), animals that received MUS 0 min (1B), 3 h (1C) and 6 h (1D) were exposed to a familiar (A) and a novel object (C) for 5 min to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
Ã P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group. Fig. 3 . Inhibition of PGi with muscimol 0 min and 3 h, but not 6 h after training impairs retention of object recognition long-term memory. 1A: On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately, 3 h or 6 h after that received bilateral infusions (0.5 ll/side) of vehicle (VEH; saline) or muscimol (MUS; 0.01 lg/ll) in PGi. On test session (day 2), animals that received MUS 0 min (1B), 3 h (1C) and 6 h (1D) were exposed to a familiar (A) and a novel object (C) for 5 min to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
Ã P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group. nonreinforced test session carried out 24 h after training.
Stepdown latency was measured in both sessions.
Data were analyzed using one-way ANOVAs.
Drugs
Muscimol, timolol, NMDA and NA were purchased from SigmaAldrich (St. Louis, MO). The drugs were dissolved in saline and stored at À20°C, protected from light until use, at which time an aliquot was thawed and diluted to working concentration in saline 0.9% (pH 7.2). The doses used were based on pilot experiments and on previous studies showing the effect of each compound on learning and behavioral performance (Clayton & Williams, 2000a , 2000b Furini et al., 2010; Lemon, Aydin-Abidin, Funke, & Manahan-Vaughan, 2009; Roozendaal et al., 2008) .
Results

Drug infusions into medullary nuclei
The effect of inhibition of the medullary nuclei on the memory consolidation of OR was analyzed by infusing muscimol (MUS) into each of these structures immediately, 3 h or 6 h after training. Control animals received the same volume of saline. LTM was evaluated 24 h later. Fig. 2 shows the effect of infusions given into NTS. Rats that received VEH or MUS (0.01 lg/side; 0.5 ll/side) 6 h after training explored the novel object significantly longer than the familiar one (Fig. 2D) . On the contrary, animals that received MUS immediately or 3 h after training session spent a similar amount of time exploring the novel and the familiar object ( Fig. 2B and C) , suggesting that NTS activity is necessary at least until 3 h after learning for retention of OR memory. The same general procedure was used to analyze the effect of inhibition of PGi on OR memory consolidation (Fig. 3) . In the LTM retention test session, animals that received MUS immediately or 3 h after training session spent about the same amount of time exploring the novel and the familiar object ( Fig. 3B and  C) , whereas animals treated 6 h posttraining explored the novel object for a longer time (Fig. 3D) . This suggests that PGi activity Fig. 4 . Inhibition of LC with muscimol 0 min and 3 h, but not 6 h after training impairs retention of object recognition long-term memory. 1A: On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately, 3 h or 6 h after that received bilateral infusions (0.25 ll/side) of vehicle (VEH; saline) or muscimol (MUS; 0.02 lg/ll) in LC. On test session (day 2), animals that received MUS 0 min (1B), 3 h (1C) and 6 h (1D) were exposed to a familiar (A) and a novel object (C) for 5 min to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
Ã P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group. Fig. 5 . The infusion of ß-adrenergic antagonist timolol in CA1 region of dorsal hippocampus (5A), but not in basolateral (BSL AMY; 5B) and central amygdala (CNT AMY; 5C) 0 min after training impairs retention of object recognition long-term memory. On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately after that received bilateral infusions (1 ll/side in CA1 and 0.5 ll/side in BSL and CNT AMY) of vehicle (VEH; saline) or timolol (TIM; 1 lg/ll for CA1 and 2 lg/ll for BSL and CNT AMY). On test session (day 2), animals were exposed to a familiar (A) and a novel object (C) for 5 min to evaluate longterm memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
Ã P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group.
is also necessary at least until 3 h after learning for retention of OR memory.
Again, the same general procedure was used to investigate the effect of the inhibition of LC on OR memory consolidation (Fig. 4) . Here the dose of muscimol and the infusion volume were 0.02 lg/ll and 0.25 ll/side, and infusions were also given immediately, 3 or 6 h after training session. In the LTM retention test session, animals that received MUS immediately or 3 h after training session spent the same amount of time exploring the novel and the familiar object ( Fig. 4B and C) , suggesting that LC activity is necessary at least until 3 h after learning for retention of OR memory. MUS had no effect when given 6 h posttraining (Fig. 4D) .
To evaluate the role of noradrenaline (NA) in the CA1 region of dorsal hippocampus (CA1), basolateral (BSL AMY) and central amygdala (CNT AMY), rats were trained in an OR learning task and, immediately after training received bilateral intra-CA1, intra-BSL AMY or intra-CNT AMY infusions of VEH or timolol (TIM; 1 lg/ll; 1 ll/side for CA1 and 2 lg/ll; 0.5 ll/side for BSL and CNT AMY). Other times of injection were not studied; there is ample reference to them elsewhere (see Izquierdo et al., 2006) . LTM was evaluated 24 h later. In the LTM retention test session, rats that received VEH or TIM in BSL and CNT AMY after training explored the novel object significantly longer than the familiar one ( Fig. 5B and C) . On the contrary, animals that received TIM in CA1 spent the same amount of time exploring the novel and the familiar object (Fig. 5A ), suggesting that NA activity is necessary only in the CA1 region of dorsal hippocampus for retention of OR memory.
In order to investigate the effect of NA infusion on CA1, rats were trained in an OR learning task and, immediately after training the animals received bilateral intra-CA1 infusion of VEH or NA (1 lg/ll; 1 ll/side). LTM was evaluated 24 h later. In the LTM retention test session, rats that received VEH or NA after training have a similar behavioral, explored the novel object significantly longer than the familiar one (Fig. 6) , suggesting that NA did not improve this type of memory, at least when the animals were tested 24 h after training session.
To verify whether the amnesia caused by MUS in NTS, PGi and LC, and TIM in CA1 were actually due to an impairment of consolidation process or instead it was induced by a delayed action on structure's functions, or on anxiety levels and/or exploratory activity able to hinder retrieval of the OR task, we studied the effects of muscimol given into NTS, PGi or LC, and that of timolol given into CA1 24 h before the behavioral tests. The treatments did not produce a chronic impairment of these structures because plus-maze, inhibitory avoidance and open-field behavior (Table 1) were not affected by them and the treatments did not affect exploration in OR task (Table 2) . Thus, the acute as opposed to the delayed effect of the treatments must be interpreted as resulting with their interference with on-going activity and not by a chronic effect. Openfield, plus maze and inhibitory avoidance behavior are all known to be dependent on the integrity of those structures (Clayton & Williams, 2000a , 2000b , 2000c Ennis & Aston-Jones, 1988; Izquierdo et al., 2006; Kerfoot et al., 2008; Khakpour-Taleghari et al., 2008; Roozendaal et al., 1999) .
Drug infusions into CA1 or LC
Because the final station of the pathway NTS-PGi-LC is the CA1 region of dorsal hippocampus, and the projection from LC to CA1 is noradrenergic, we also investigated if the amnesia caused by infusion of MUS on NTS, PGi and LC can be reversed by NA infused into CA1. Fig. 7 shows that it can. Rats trained in OR received bilateral infusions of VEH or MUS into NTS (Fig. 7A) , PGi (Fig. 7B) or LC (Fig. 7C) as above, and a bilateral intra-CA1 infusion of VEH or NA (1 lg/ll; 1 ll/side). In the LTM retention test session, 24 h later, rats that received intra-CA1 NA after training showed no amnesia. Also, in order to investigate if the amnesia caused by infusion of MUS on NTS and PGi can be reversed by downstream stimulation of the pathway, we stimulated LC with NMDA (Fig. 8) . There are glutamatergic NMDA receptors in noradrenergic neurons in LC (Grilli et al., 2009) . Rats trained in OR received bilateral intra-NTS or intra-PGi infusion of VEH or MUS (0.01 lg/ll; 0.5 ll/side) and a bilateral intra-LC infusion of VEH or NMDA (0.01 lg/ll; Fig. 6 . The infusion of noradrenaline (NA) in CA1 region of dorsal hippocampus 0 min after training does not affect retention of object recognition long-term memory. On training session rats were exposed to two different objects (A and B) for 5 min and immediately after that received bilateral infusions (1 ll/side) of vehicle (VEH; saline) or noradrenaline (NA; 1 lg/ll) in CA1. The animals were tested 24h after, when were exposed to a familiar (A) and a novel object (C) for five minutes to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
⁄ P 6 0.01 in one-sample Student's t-test with theorical mean = 50; n = 8-12 per group.
Table 1
Bilateral intra-NTS/PGi/LC infusions of muscimol (MUS NTS, MUS PGI and MUS LC) and intra-CA1 infusion of timolol, have no effect on anxiety in a plus maze, on locomotor and exploratory activities in an open field carried out 24 h after the infusions, or on inhibitory avoidance with animals trained 24 h after infusions and tested 1 day later. 0.25 ll/side). LTM was evaluated 24 h later. In the LTM retention test session, rats that received NMDA into LC showed no amnesia. Importantly, none of these drugs or combination of drugs affected total exploration time during the OR test session (Table 2) .
Discussion
Our results suggest the participation of the NTS, PGi, LC and CA1, as a pathway, in the consolidation of OR memory. It has been known that these structures have an important role in the retention of inhibitory avoidance (Clayton & Williams, 2000a , 2000b , 2000c Khakpour-Taleghari et al., 2008; Miyashita & Williams, 2004; Roozendaal et al., 1999; Williams & McGaugh, 1992) . Khakpour-Taleghari et al. (2008) showed that LC is involved in consolidation and retrieval, but not in acquisition of this type of memory. Here we show that NTS, PGi and LC also participate in recognition memory in a non-aversive task, and suggest that they do it so as a pathway. The participation of hippocampus formation in aversive learning has been well known for years (Izquierdo & Medina, 1997; Izquierdo et al., 2006; Qi & Gold, 2009) .
In addition, we show here that activation of ß-adrenergic receptors is necessary in the CA1 region of dorsal hippocampus, but not in the central and basolateral amygdala, immediately after training for the consolidation of the OR task. This suggests a difference between the consolidation of the OR task and that of aversive behaviors (see Clayton & Williams, 2000b; García-Medina & Miranda, 2012; Przybyslawski, Roullet, & Sara, 1999; Roozendaal et al., 1999) . The infusion of NA into CA1 immediately after learning did not affect the consolidation of OR, but was able to reverse the influence of the inhibition of the medullary nuclei. The stimulation of LC, the main noradrenergic input to CA1, with NMDA, shares this effect.
The effects of the treatments given into the medullary nuclei, the LC and CA1 did not permanently affect the functionality of these regions. Twenty-four hour later after these treatments, the acquisition and consolidation of inhibitory avoidance, well-known to be a hippocampal task (Izquierdo & Medina, 1997; Izquierdo et al., 2006) and to be sensitive to manipulation of NTS, PGi and LC (see above) were normal. It is to be presumed, on the basis of the literature on the effect of the medullary nuclei and LC on inhibitory avoidance commented above, that within the first hour or so of the infusions the possibility of acquisition and consolidation of the avoidance task must of course have been reduced (Clayton & Williams, 2000a , 2000b , 2000c Khakpour-Taleghari et al., 2008; Sara, 2009) , but this was not measured here.
The joint participation of the NTS and PGi in the regulation of LC activity fits with the findings that stimulation of vagal afferents regulate blood pressure (Izquierdo et al., 1959) and visceral function (Aston-Jones & Cohen, 2005; Browning & Travagli, 2010; Ennis & Aston-Jones, 1988) together with memory consolidation (Clark et al., 1998) . The pathway led by the NTS, whose injury hinders memory consolidation (Williams & McGaugh, 1992) , is also triggered into action by afferent vagal stimulation (see Clark et al., 1998) . Fig. 7 . The infusion of noradrenaline in CA1 region of dorsal hippocampus immediately after infusion of muscimol in NTS (7A), PGi (7B) and LC (7C) in object recognition long-term memory revert the amnesic effect of muscimol. On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately after that received bilateral infusions of vehicle (VEH; saline) or muscimol in NTS, PGi or LC + noradrenaline in CA1 (MUS: 0.01 lg/ll, 0.5 ll/side for NTS and PGi; 0.02 lg/ll, 0.25 ll/side for LC; NA: 1 lg/ll, 1 ll/side for CA1). On test session (day 2), animals were exposed to a familiar (A) and a novel object (C) for five minutes to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
⁄ P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group. Total exploration time (s; mean ± SEM) during training and test sessions for the animals presented in the paper. VEH = vehicle. MUS = muscimol. TIM = timolol. NA = noradrenaline.
As discussed briefly in the Introduction, important evidence points to the hippocampus as one, if not the, major brain area involved in OR learning in rodents. Hippocampal lesions (Broadbent, Gaskin, Squire, & Clark, 2000) and inhibition of hippocampal rapamycin-dependent protein synthesis (Myskiw et al., 2008) hinder OR memory formation. Extracellular signal-regulated kinase activity in hippocampal circuitry , CREB and zif268 signaling (Bozon et al., 2003) , and long-term potentiation (LTP) of the CA3-CA1 synapse accompanies it (Clarke et al., 2010) . In addition, as happens with other hippocampus-dependent memories (Brun, Ytterbo, Morris, Moser, & Moser, 2001; Gruart, Muñoz, & Delgado-García, 2006) , pre-training strong hippocampal LTP occludes OR learning (Clarke et al., 2010) . However, like most other forms of learning (Izquierdo & Medina, 1997) , OR does not depend exclusively on a single region but requires the concourse of others, like the perirhinal cortex (Buckley & Gaffan, 1998; Burke, Hartzell, Lister, Hoang, & Barnes, 2012; Burke, Maurer et al., 2012; , whose electrical activity may also correlate with OR learning in rats , and possibly the dentate gyrus, blockade of whose adult neurogenesis impairs OR and spatial learning (Jessberger et al., 2009) . Concerning the role of spatial versus nonspatial learning in OR, data suggest that the perirhinal cortex may be in charge of nonspatial object information, whereas the entorhinal cortex and of course the hippocampus are in charge of spatial information ( Blockade of rapamycin-sensitive protein synthesis in the rat amygdala impairs OR learning in rats exposed to only 2 min of pre-training habituation, as it does in the hippocampus (Jobim et al., 2012) . This fits with evidence that the amygdala may be involved in OR particularly in circumstances of stress, along with glucocorticoid effects (Joëls, Fernández, & Roozendaal, 2011; McIntyre & Roozendaal, 2007; Schwabe, Joëls, Roozendaal, Wolf, & Oitzl, 2012) . In the present experiments stress may not be a factor since the animals were well-habituated to the experimenters and the apparatus for 20 min daily over 4 days before training (see Material and Methods), a procedure that offsets the eventual interference of stress (McIntyre & Roozendaal, 2007) .
In conclusion, as happens with the memory consolidation of aversive-motivated learnings (Clayton & Williams, 2000a , 2000b , 2000c Kerfoot et al., 2008; Williams & McGaugh, 1992) , the NTS ? NPGi ? LC ? medial temporal lobe pathway is important for the consolidation of OR learning. In this case the final destination of the pathway appears to be the CA1 region of the hippocampus rather than the amygdaloid nucleus. Fig. 8 . The infusion of NMDA in LC immediately after infusion of muscimol in NTS (8A) and PGi (8B) in object recognition long-term memory revert the amnesic effect of muscimol. On training session (day 1) rats were exposed to two different objects (A and B) for 5 min and immediately after that received bilateral infusions of vehicle (VEH; saline) or muscimol in NTS or PGi + NMDA in LC (MUS: 0.01 lg/ll, 0.5 ll/side for NTS and PGi; NMDA: 0.01 lg/ll, 0.25 ll/side for LC). On test session (day 2), animals were exposed to a familiar (A) and a novel object (C) for five minutes to evaluate long-term memory retention. Data (mean ± SEM) are presented as percentage of total exploration time.
⁄ P 6 0.01 in one-sample Student's t-test with theoretical mean = 50; n = 9-12 per group.
